Although the possibility of a low energy cut-off (LEC) of the relativistic electron population (E min ∼ 0.1 GeV) in the different components of radio galaxies has been discussed in the literature, from both theoretical and observational viewpoints, its possible role in causing a distinct spectral flattening, and thus reducing the apparent brightness temperature of the radio nucleus, has thus far not been explicitly discussed. Here we point out that such an effect may in fact be quite significant for the parsec-scale, superluminal emission regions associated with the inner radio jets. This is because the observed frequency of the spectral turnover arising from the LEC increases linearly with the bulk Doppler factor (δ) of the jet flow, whereas the frequency of synchrotron self-absorption (the well known cause of spectral flattening and turnover at low frequencies) shows a mild decrease as δ rises. For an observationally relevant range of source parameters, we investigate here the role of the LEC. We argue that some statistical trends revealed by the recent VLBI surveys can in fact be understood in terms of effects arising from 1 Alexander von Humboldt Senior Fellow; on leave from the National Centre for Radio Astrophysics/TIFR, Pune, India 2 also, Department of Astrophysical Sciences, Princeton University -2 -LEC, including the faster superluminal motion found in the VLBI surveys at higher frequencies, and the apparent inability of most radio cores to even attain the brightness temperatures consistent with the equipartition condition. We also point out some possible implications of the LEC for X-ray observations of kiloparsec scale relativistic jets of quasars.
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Introduction
The frequent association of flat or inverted radio spectra with the parsec-scale knots in the jets of luminous AGN (BL Lacertae objects and quasars) is commonly interpreted in terms of synchrotron self-absorption (SSA) effects. A combination of VLBI measurements of the angular size and flux density near the frequency of SSA, with the X-ray flux density expected from synchrotron self-Compton (SSC) scattering, then yields the values of the magnetic field, B, and the Doppler factor, δ = 1/[Γ − cosφ(Γ 2 − 1) 1/2 ], for the knots, where Γ is the bulk Lorentz factor and φ is the viewing angle to the axis of the flow; δ has a maximum value equal to 2Γ (e.g., Marscher 1987; Ghisellini et al. 1992) . Evidence for spectral flattening at lower radio frequencies, possibly attributable to free-free absorption in the nuclear region, has also been discussed in the context of a few superluminal AGN (e.g., Matveyenko et al. 1980; Britzen et al. 2001; Kellermann 2003 , and references therein).
Here we point out that a significant spectral flattening of the superluminal radio knots could also arise from a low energy cut-off (LEC) of the relativistic electron population and, within a plausible range of parameters for some VLBI components, this can mimic synchrotron self-absorption even in spectral regions which are essentially free from SSA. The resulting extra attenuations of the radio flux and apparent brightness temperature may have interesting implications, and seem to provide useful clues to some observational trends revealed by recent VLBI surveys, which are briefly pointed out below.
LEC vs. SSA
From the basic theory of synchrotron emission it is well known that an energy distribution of relativistic electrons truncated at low energies gives rise to a spectral turnover toward lower frequencies, attaining a spectral index α = +1/3 (defined so that the flux density, S ν ∝ ν α ) (e.g. Ginzburg & Syrovatskii 1969; Pacholczyk 1970) . In the rest frame of the emitting region this cutoff frequency, ν m = 0.29ν c , where ν c (Hz) = 6.27 × 10 18 B sinΘ E 2 min , where B is in Gauss, E min = γ min m e c 2 , in ergs, is the low energy cut-off (LEC) for the electron distribution, and Θ is the mean pitch angle of the electrons with respect to the magnetic field. If we assume a nearly isotropic distribution of electrons in the rest frame of the emitting region, we find that the spectrum turns over below an observed frequency
with z the cosmological redshift of the AGN.
A few rare examples for which hints of such a low-frequency spectral turnover have been reported include the hot spots of the bright radio galaxy Cygnus A, from which γ min = 350 ± 50 has been inferred (Biermann, Strom & Falcke 1995) . Similar values (γ min ∼ 500 − 1000) have been inferred by Carilli et al. (1991) for Cyg A, and by Hardcastle (2001) for 3C 196; Leahy, Muxlow & Stephens (1989) give indications of a LEC in other hot spots. However, hot spot evidence for a low energy cut-off remains weak, mainly because one really needs flux measurements with arcsecond resolution well below the turnover frequency ν SSA ≃ 200 MHz. Given the practical difficulty of obtaining detailed images at such low frequencies, we explore here the possibility of investigating this phenomenon using the radio knots in AGN jets whose apparent superluminal motion can push the spectral turnover peak due to LEC (near ν m ) into the readily accessible centimeter/millimeter waveband. It may thus become much more feasible to trace the observational signatures of LEC. Clearly, any such evidence would hold vital clues to the particle acceleration mechanism in AGN and also shed some light on other basic questions concerning the energetics of the AGN jets.
Probably the most secure example of a mildly inverted radio spectrum arising from LEC is the nuclear source of our own Galaxy, Sgr A * , whose radio spectrum has a slope close to α = +1/3. This has been interpreted in terms of a quasi mono-energetic distribution of the radiating electron population, peaked near 10 2 MeV (Duschl & Lesch 1994; Beckert & Duschl 1997; Falcke, Mannheim & Biermann 1993) . One specific proposal that yields such a LEC invokes hadronic interactions near the inner edge of the accretion disk around a rapidly spinning central black hole where it connects to the jet (Falcke, Malkan & Biermann 1995; Donea & Biermann 1996) . This mechanism produces a pair plasma embedded in a normal plasma; the LEC would correspond to the pion mass, at least near the zone of creation, subject to adiabatic losses and reacceleration along the jet.
In the context of blazars, an early hint for LEC (with E min ≈ 100 MeV) came from the observed lack of Faraday depolarization in the VLBI emission regions (Wardle 1977; Jones & O'Dell 1977) . Interestingly, this value of E min is also the typical energy of electrons radiating near the self-absorption frequency (e.g., Celotti & Fabian 1993) . Ghisellini et al. (1992) argue that synchrotron emission in VLBI scale jets may well arise from e ± pairs and obtain a good fit, taking a LEC of around 50 MeV. Celotti & Fabian (1993) conversely argue that energetics constraints indicate that radio jets are 'heavy' and are comprised of protons and electrons, but they still need to invoke a LEC. Each of these arguments is model dependent, and the value of E min is yet to be firmly established. Likewise, the mechanism responsible for a LEC remains to be understood. It was argued long ago (Jones & O'Dell 1977) that the existence of a LEC favors models in which radiating relativistic particles are accelerated in relativistic blasts (e.g., Blandford & McKee 1976) or by strong electromagnetic acceleration (e.g., Lovelace 1976), rather than through stochastic acceleration, since the latter mechanism should produce many electrons with only modestly relativistic Lorentz factors. But neither of these approaches naturally produces a LEC around 50-100 MeV. The arguments presented here are quite independent of the specific mechanism for a LEC.
For a homogeneous, spherical source of incoherent synchrotron emission, synchrotron selfabsorption (SSA) leads to a rather sharp spectral turnover near a frequency (e.g., Ginzburg & Syrovatskii 1969; Kellermann & Pauliny-Toth 1969) 
where S max is the peak flux density (in Jy) of the knot, observed at ν SSA , θ (in milli-arcsec) is its angular size at ν SSA , B is in Gauss, and δ 0 = δ/(1 + z) is the co-moving Doppler factor of the knot.
From Eq (1) and Eq (2) we get
Here Σ ≡ S max /θ 2 is a measure of the apparent surface brightness, and E min,2 ≡ E min /100MeV. The critical Doppler factor for which η = 1 is given by
if δ δ ⋆ then LEC is important for flux attenuation. Although our picture of the knots is admittedly oversimplified, as any gradients in the LEC could complicate the analysis, it should suffice to illustrate the relevance of LEC induced spectral effects. Clearly, for the knots with η > 1, the onset of (a mild) spectral turnover toward lower frequencies will be led by LEC, not SSA. Thus, the larger the value of η, the greater would be the suppression of the peak flux that would have otherwise been attained by the knot, provided the limiting factor were indeed SSA. Considering the mildly positive slope (α ≃ 1/3) at ν < ν m and a typical spectral index α ≃ −0.7 in the unabsorbed/uncutoff part of the spectrum, the flux suppression factor measured at ν SSA is ψ ≃ η 1/3−α ≈ η.
The source parameters on which η and ψ depend include the magnetic field in the VLBI knot, for which estimates are rather model dependent. For the radio jets up to distances of ∼ 20 pc from the core, B = 0.1 -0.3 G has been estimated from independent analyses of the detailed VLBI observations (Lobanov 1998; Piner et al. 2003) . Somewhat higher values have been adopted by Bloom & Marscher (1996) in their modeling of the superluminal cores. We adopt B = 0.1 G as a fiducial value, but consider the plausible range below. As noted above, most observations and models give values of E min,2 ≃ 1, so we take 1 as its fiducial value.
The other important physical parameter in Eqs (3) and (4) is the surface brightness, Σ. A recent dataset relevant to this quantity is based on 15 GHz VLBA imaging of 160 flat-spectrum sources (Kellermann et al. 1998; Zensus et al. 2002) . These observations, with baselines out to 440 million wavelengths (with angular resolution, θ ≃ 0.12 mas) have shown that ∼90% of the sources have an unresolved flux density > 0.1 Jy (i.e., Σ 7), whereas ∼45% of the sources have unresolved structures stronger than 0.5 Jy (i.e., Σ 35) (Kovalev 2003) . There is presently little evidence in the VLBI samples for a sizable population of AGN having Σ > 350 (Kovalev 2003) . This is further corroborated by the ongoing space VLBI survey of compact AGN, using the VSOP (Hirabayashi et al. 2000) . A possible explanation for the lack of extremely high values of Σ ( 10 4 ) is that such extreme objects will form rarely to begin with, and that any such components would be very strongly self-absorbed at typical VLBI frequencies, and therefore relativistic beaming would be much less effective for flux boosting (see Kellermann 1994) . Thus, we shall adopt here Σ = 10 1.5±1 . Taking B = 0.1 G, and E min,2 = 1 (see above), we then have from Eq (4), δ ⋆ = ǫ(1 + z), where ǫ ≃ 2, 4, and 9, for Σ = 3, 30, and 300, respectively, a range that includes the vast majority of the bright VLBI knots.
Results and Conclusions
Evidently, for many radio emission regions close to the nucleus, LEC induced flux suppression is expected to set in already at frequencies which are too high for SSA to be significant, even if the knots are only modestly superluminal. But the same LEC dominance would require larger Doppler factors in the case of knots having higher surface brightnesses and/or redshifts. Fig. 1 illustrates the variation of ν m and ν SSA across the ν -δ 0 plane, for the plausible ranges of Σ and B. It is interesting to note that for most values of δ 0 (i.e., δ 0 4), ν m lies above the typical frequency range of VLBI observations (5 -15 GHz) if B 0.1G, and hence these observations are usually made below the spectral turnover due to LEC (although the spectral turnover due to SSA is yet to set in for most of the knots). For the brighter, albeit comparatively rare, knots with Σ 100, the typical range of VLBI frequencies would always lie within the SSA dominated regime, for practically the entire plausible range of δ 0 (Fig. 1) . In recent years, a few VLBI imaging observations have also been possible at higher frequencies, e.g., 43-86 GHz (e.g., Krichbaum et al. 2001; Jorstad & Marscher 2003) . For such cases, the LEC induced spectral flattening would set in for δ 0 10, except for the brightest VLBI knots (Σ 1000) which would nonetheless be synchrotron self-absorbed. Thus, it appears that in typical VLBI observations, made at 5 or 15 GHz, most of the emission regions in proximity to the nucleus (at distances 20 pc, where the brightest and the fastest moving knots are normally expected to be found) would appear dimmed either from flux suppression due to LEC, or alternatively, in the few cases of extreme brightness, due to SSA. As can be seen from Fig. 1 and Eq (3), the flux suppression would increase rapidly with Doppler factor (δ), but its significance would diminish for the knots having lower magnetic field and/or higher redshift, or if the value of E min were smaller. An observational consequence of the depression of the peak flux density by a factor ψ ( §2), arising from such (pre-mature) spectral flattening, would be a reduction in brightness temperatures, T B , of the VLBI knots, compared to the situation where SSA alone were significant. For the latter case, Readhead (1994) has deduced a realizable limit of T eq ∼ 5 × 10 10 K (assuming equipartition; also see Singal & Gopal-Krishna 1985) , which is about a sixth of the diamagnetic limit calculated by Singal (1988) . Other theoretical limits proposed for T B are 10 12 K, arising from catastrophic inverse Compton cooling (Kellermann & Pauliny-Toth 1969) and > 2 × 10 11 K, arising from relativistic induced Compton scattering (Sincell & Krolik 1994) . Evidence for brightness temperatures being typically found to be lower than these theoretically expected intrinsic brightness temperatures comes from the VLBA 2 cm sample of 48 superluminal sources, whose distribution in the 'Doppler factor -proper motion' plane is best fit by a peak intrinsic T B ≃ 2 × 10 10 K (Cohen et al. 2003) . This is roughly half of the equipartition value, and an order of magnitude below the stricter inverse Compton scattering limit. The LEC induced flux suppression could possibly account for the deficit observed vis-à-vis the equipartition value. Note that even though the best-fit value of the intrinsic brightness temperatures found by Cohen et al. (2003) , is just a factor of 2 -3 below the equipartition temperature limit, it makes a huge difference in the energetics. The increase in the energies for such reductions in T B /T eq is ≈ 20 − 200 times (Readhead 1994 ).
To recapitulate, for the typical magnetic field of 0.1 G and usual VLBI observing frequency (ν = 5 -15 GHz), most radio knots with medium-to-low surface brightness (Σ 10 2 ) would suffer a marked suppression of flux density due to LEC, if δ 0 = δ/(1 + z) exceeds ∼5 and E min,2
1. Thus, in such VLBI surveys one would expect a deficit of knots with high Doppler factors (and, correspondingly, of high Lorentz factors, given the rather tight correspondence expected between the two, cf. Table 1 in Jorstad & Marscher 2003) . This selection bias would gradually ease for VLBI surveys made at higher frequencies and/or higher z (which corresponds to higher observing frequencies in the rest frame of the sources).
Interestingly, such statistical trends may indeed be seen in the recent large VLBI surveys. For instance, for a large sample of flat-spectrum sources, the Caltech-Jodrell Bank-Flat sample (CJF), the measured apparent velocities of the VLBI components at 5 GHz show a positive correlation with redshift ( Fig. 1 in Vermeulen et al. 2003) . While, clearly, this result does not exclude alternative explanations, it is interesting that there is also evidence for a statistical increase in the apparent velocities of superluminal knots with the frequency of the VLBI measurements, even as the apparent velocity of a given VLBI knot observable at multiple frequencies would be the same at all of those frequencies. As already pointed out by Vermeulen et al. (2003) , the apparent velocities for CJF sample at 5 GHz are nearly a factor of two smaller, on average, than those found in the 15 GHz VLBA Survey of the same sample (Zensus et al. 2003) , and these, in turn, are only about half as fast as the velocities found in a VLBI survey of 33 blazars at 22 and 43 GHz by Jorstad & Marscher (2003) . Their high frequency survey yielded mean apparent velocity of ∼11c, (taking H 0 = 65 km s −1 Mpc −1 and q 0 = 0.1). Vermeulen et al. (2003) suggest that a decrease in mean apparent velocity with decreasing frequency might result from changing SSA turnovers if these measurements corresponded to an increase in average size or distance from the core. Jorstad & Marscher (2003) have ascribed the higher velocities for their sample to be an intrinsic property of their sources, which are γ-ray emitting blazars. In our scenario, their finding abnormally high velocities for that sample may be directly related to the unusually high observing frequency of their VLBI survey. One observational test of our hypothesis would be possible by VLBI monitoring of γ-ray blazars at moderate frequencies, say 5 or 10 GHz; we understand that such data are likely to become available in the near future, making a detailed check possible.
A crisp prediction of our scenario, which can be tested by quasi-simultaneous multi-frequency VLBI, is that the knots affected by LEC should have only a weakly inverted spectrum below ν m , with a slope of ∼ 1/3 down to ν SSA .
The presence of a LEC could also have interesting implications for the kiloparsec scale jets of quasars, for which bulk relativistic motion has been inferred recently from X-ray observations (e.g., Tavecchio et al. 2000; Celotti, Ghisellini & Chiaberge 2001) . In such extended jets the photon energy density is dominated by the CMBR photons, which, after inverse Compton collisions with the relativistic jet particles, would be observed at a frequency ν IC = δ(1 + cosφ ′ )γ 2 min [1.6 × 10 11 (1 + z)Γ]Hz, with φ ′ the angle between the jet and the observer in the jet's rest frame (Harris & Krawczynski 2002) .
For a typical z ≃ 1, and taking even a fairly modest value of δΓ ∼ 25, which is close to the expectation value for Γ ∼ 5 (e.g., Vermeulen & Cohen 1994; Jorstad & Marscher 2003) , it can be seen that E min ≃ 100 MeV translates into a spectral turnover of the inverse Compton scattered radiation occurring at energies of a few keV. Thus, for many jets detected with the Chandra and XMM-Newton telescopes, signatures of the LEC may well be present in their X-ray measurements, in the form of suppressed soft X-ray flux, i.e., a hardened X-ray spectrum. Moreover, one can expect rapid, correlated variations of X-ray flux and spectral slope as δ changes. Clearly, these effects would be stronger for extended jets with faster bulk motions and/or higher redshifts; a search for these trends would provide valuable clues. The flux suppression would render the detection of extended X-ray jets at higher redshifts more difficult, even though the expected surface brightness diminution with z is exactly compensated for by the corresponding increase in the CMBR energy density (see Schwartz et al. 2000) .
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